Introduction
Surface cracks on continuously cast blooms are sometimes generated by tensile stress and strain. Since surface cracks are generated and propagated along the austenite (g) grain boundary at the g phase temperature region, it is important to refine g grain on as-cast bloom surface for prevention of surface cracks. 1) During continuous casting, oscillation marks (OSM) are formed on the bloom surface. The g grain at the bottom of OSM where the cooling rate is lower than the top of OSM tends to be coarse. 1, 2) Surface cracks on the bloom surface tend to occur at the bottom of OSM. This tendency is considered to be due to not only the notch effect of OSM 3, 4) but also coarse g grain. Higher cooling rate 5) and the use of non-metallic inclusions 6) are refining methods for g grain. Since non-metallic inclusions may deteriorate the characteristics of products, higher cooling rate by reducing the OSM depth was employed for the reduction of g grain size. In this paper, continuous casting tests under the oscillation conditions of shorter stroke and higher frequency were conducted to reduce the OSM depth. 7) Influence of the cooling rate on the as-cast g grain size and the growth mechanism of the g grain were examined.
Experimental Procedure
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KEY WORDS: austenite grain; grain size; refining; grain growing; continuous casting; oscillation mark; cooling rate; as-cast. commercial production process. The super heats for specimen were 25 K, and their casting speeds were 0.5 m/min. The mold power used for casting has 0.6 in basicity and 2.4 Pa · s in viscosity at 1 573 K. Oscillation conditions became shorter in stroke and higher in frequency by order of condition 1 to 5. The strokes in conditions 1 and 2, 4 and 5 were the same, while the negative strip ratio in conditions 1, 3 and 5 were the same.
The steel specimens were prepared through the following procedure. An as-cast bloom was collected per one condition and four specimens were cut out 25 mm along the casting direction from its quarter in width on a narrow side of each bloom. Each specimen was mounted, polished and etched by picric acid for the observation of the dendritic structures and by 5 % HNO 3 for the observation of the former g grain boundary. The surface layer structure of the specimens was examined by optical microscope. Thus, measurements of the OSM depth and the g grain size of the bloom were defined as the mean value in 100 mm that was the total length of four specimens. Figure 1 shows an example of specimens. The specimen is approximately 25 mm long, and contains 5-10 marks on it. The OSM depths were defined as the distance between the bottom of the OSM and the tangent line of the 2 neighbor tops of the OSM. Grains in surface layer were columnar shape. The minor axis of g grain was taken as an as-cast g grain size. The as-cast g grain size at each distance from bloom surface was taken from the number of grain boundary crossed the 100 mm as Esaka et al. did.
8) The cooling rate during the solidification was estimated by using the Eq. (1). Where, S is secondary dendrite arm spacing, and R LS is the average cooling rate during solidification. R LS at the top and bottom of OSM was estimated by measuring the secondary dendrite arm spacing there respectively.
Results

Figure 2
shows appearances of bloom surfaces in the conditions 1, 3 and 5. Bloom surface in the condition 1, 3, 5 were called as bloom 1, 3, 5 respectively. Both the intervals and the depths of OSM have reduced in the order of condition 1 to 5. The OSM in the condition 5 was hardly observed. The OSMs of blooms 1 and 3 were formed straightly with equal interval. These results suggested that blooms were cast in a stable condition without any troubles, such as inconsistent infiltration of slag at meniscus, the misfit of the mold oscillation and the movement of initially solidified shell. Figure 3 shows relationship between the negative strip time 11) and the OSM depth. Average OSM depth was reduced with oscillation conditions of shorter stroke and higher frequency. 3, [11] [12] [13] There is small difference in mold powder consumption among conditions although the OSM characteristics were different. In general, sticking of the solidified shell and the mold could occur due to lack of slag infiltration. 14) There was no sign of the sticking and surface cracks. These results suggested that the slag infiltration was stable and uniform in these tests. Figure 4 shows micrographs of austenite grains at the cross section of oscillation marks. The g grain morphology of as-cast bloom was columnar and growing toward inside. The results showed that the temperature gradient at the growth edge of g grains was large.
10)
15) The g grains were refined, both at the bottom of OSM and at the top of OSM under the condition of shorter stroke and higher frequency. This tendency would be due to the uniformity of cooling rate between the bottom and the top of the OSM. This uniformity was related to not only the OSM depths but also the OSM intervals.
2) Figure 5 shows relationship between OSM depths and g grain sizes at various distances from surface. Where, the value of OSM depths and g grain sizes shown in Fig. 5 were the average value by each 25 mm long specimen respectively, and all measurements for condition 1 through 5 were shown in Fig. 5 . g grains from the surface to 3 mm depth were refined with reducing OSM depth. Consequently, g grain sizes were related to OSM depths even when mold oscillation conditions changed. Figure 6 shows relationship between the depth from bloom surface and the average g grain size for each oscillation conditions. g grains were refined under the oscillation conditions of shorter stroke and higher frequency. g grain was the smallest at the surface, and average g grain size linearly increase with the depth from the bloom surface. The approximation straight lines of the relation between d and L of conditions 1 through 5 were shown in Fig. 6 . It was thought that slopes of the straight lines were almost same though it would describe in Fig. 8 later.
Discussion
Cooling rate, grain selection behavior, inclusion, and steel composition can be factors that influence the g grain size. In this experiment, there was no significant difference in the steel compositions and the inclusion levels. Therefore, the g grain size was examined from the viewpoint of the grain selection behavior and the cooling rate. Esaka et al. 16, 17) have reported the relation between the normalized number of grains (n/n 0 ), where n is the number of grains, n 0 is the initial number of grains, and the normalized growth length (L/d 0 ), where L is the growth length, d 0 is the initial grain size, by using the grain selection model. Esaka et al. said that n/n 0 decreased with L/d 0 , and the grain selection behavior changed from heat flow direction (pЈϭ0) to prioritized growth direction (pЈϭ1) by introducing the growth direction parameter pЈ, 16) which showed the direction of the g grain growth. Figure 7 16) shows the relation among ͗100͘, growth direction and heat flow direction. The growth of the crystal whose priority growth direction shifts only q from heat flow direction follows a shifted from the heat flow direction, that is, the direction of pЈ· q. pЈ takes the value between 0-1 under such assumption. the blooms 1 through 5 were found to be around the approximated straight line for pЈϭ1, that is, the direction of the prioritized g grain growth. Regarding the g grain growth direction, pЈϭ1 and pЈϭ0 correspond to the priority growth direction and the heat flow direction, respectively. Therefore, it indicates that the smaller value of pЈ corresponds to larger heat extraction from the initial solidification shell to copper mold. The refinement of the g grain under the oscillation conditions of shorter stroke and higher frequency was considered to be due to the intensified cooling of the initial solidification shell. However, from the viewpoint of the grain selection, there was no influence of the heat flow direction and no change in the g grain growth direction.
Influence of the cooling rate during solidification (R LS ), and of the average cooling rate in the g phase temperature region (R g ) and solidification rate (V) on the g grain size were investigated. R LS at 2 mm inside from the bloom surface is shown in Fig. 9 . By the secondary dendrite arm spacing, the cooling rates at the top and the bottom of OSM were estimated to from 18 to 27 K/s, and from 7 to 18 K/s, respectively. The cooling rates at the bottom of the OSM for all of the blooms 1 through 5 were found to be lower than those at the top of OSM for 10 K/s. Moreover, regarding the bloom 5, the cooling rates not only at the bottom of OSM but also at the top were higher for 10 K/s than those of bloom 1. It is because the reduction of the OSM depth and its interval would reduce the influence of the delayed solidification at the bottom of OSM 2) and the heat transfer in the casting direction from the bottom of OSM to the top.
Yoshida et al. 18) derived the relational equation of R g and casting g grain diameter (d) from the casting experiment with 0.1 mass% C steel and the theoretic calculation of the grain growth (Eq. (2)). Figure 10 shows the relation between the depth from the bloom surface and R g , which was calculated by the average g grain size shown in Fig. 6 , referring the Eq. (2). 18) Regarding R g at the surface of the bloom, 6 K/s for the bloom 1, 9.5 to 11 K/s for the blooms 2 through 4, and 16 K/s for the bloom 5 were obtained. This cooling rate tendency would be due to the reduction of the OSM depth. Regarding the blooms 2 through 4, their R g were not so different though the OSM depth had different values. It is also because of the influence of the OSM intervals as mentioned above. Specifically speaking, there was no significant difference in the OSM depth between the blooms 2 and 3, and bloom 4 had larger OSM interval and smaller OSM depth than bloom 3. Consequently the R g for the blooms 2 and 4 would not be much different from that for the bloom 3. R g decreased rapidly with the depth from the bloom surface, and the R g of from 2 to 3 K/s at 5 mm depth and 1 K/s at 10 mm depth were obtained. R g at 2 mm depth was 7 K/s for the bloom 5 and 3 K/s for the bloom 1. In this way, the cooling rate at the 2 mm depth from the surface rose by shorter stroke and higher frequency, and R LS and R g were increased by 10 K/s and 4 K/s, respectively. Therefore, when g grain refinement for the bloom 5 was caused by the raised R g , R g values from the bloom surface to 5 mm depth for the bloom 5 were from 1.5 to 2.5 times as high as those for the bloom 1.
The relation between V and the average g grain size was examined as follows. To estimate V of each depth from the surface in bloom 1, sulfur was added into the mold at the continuous caster, 19) and the initial solidification shell thickness was measured by the sulfur-print at the cross section of the bloom. The approximated equation of Dϭkt x was obtained between the passage time (t) from the meniscus and the shell thickness measured (D), where k and x are constants. Solidification rate V t at t was estimated by differentiating the D by t. Figure 11 shows the relation between the obtained V and the g grain size of bloom 1 shown in Fig. 6 . Maruyama et al. 20, 21) have reported the relation between V © 2008 ISIJ Figure 12 shows the relation between the depth from the bloom surface and V, which was calculated by the average g grain size shown in Fig. 6 , referring the Eq. (3). Therefore, when g grain refinement for the bloom 5 was caused by the raised V, solidification rate from the bloom surface to 5 mm depth for the bloom 5 were 1.5 through 2.5 times larger than those for the bloom 1.
Therefore, the refinement of g grains was considered to be due to the refinement of the initial g grain at the bloom surface. It was found that the initial g grain refinement was caused by the decreased solidification delay and the increased average cooling rate at the bloom surface due to the reduction of the OSM depths and intervals. In consequence of the prediction from g grain sizes, it could be estimated that both R g and V for bloom 5 were raised approximately 1.5 through 2.5 times of those for bloom 1.
Conclusions
The continuous casting tests in the commercial production process were carried out under various oscillation conditions. The influence of the cooling rate on the g grain size and the growth mechanism of the g grain were studied with the following conclusions:
(1) Depths and intervals of the oscillation mark were reduced and the g grains were refined in the oscillation conditions of shorter stroke and higher frequency, whether at the bottom of OSM or at the top of it.
(2) The depth from the bloom surface and the average g grain size had a linear relationship.
(3) It was found that the austenite grain growth direction did not vary even when characteristics of the oscillation mark changed. The austenite grain size below the surface layer was also determined by austenite grain size at the bloom surface. Refinement of the initial g grain was due to higher average cooling rate, which was caused by smaller OSM depths and intervals.
(4) The average cooling rates were estimated to be from 6 to 16 K/s in g phase temperature, depending on the characteristics of OSM.
(5) The relation between V and d was approximated by the equation of dϭ1.10V Ϫ0.44 . (6) It could be estimated that both R g and V at the bloom surface were raised by approximately 1.5 through 2.5 times by shorter stroke and higher frequency of the mold oscillation.
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Fig. 12.
Relationship between depth from bloom surface and solidification rate.
